In the present study, we describe the structure and normal development of the zebrafish (Danio rerio) paired fins. Particularly, we focus on the structure of the apical epidermis and on endoskeletal morphogenesis. Endoskeletal development proceeds differently in the pectoral and pelvic fins. Whereas in both fins major parts of the endoskeletal girdle develop within the fin bud mesenchyme, the pattern of chondrogenic condensations observed in the pelvic fins directly reflects the adult endoskeletal pattern. In the pectoral fin, a morphogenetic detour is taken via a functional larval endoskeleton, the endoskeletal disc. It arises in the fin bud mesenchyme from a chondrogenic anlage common with the girdle. The disc chondrifies and represents the functional endoskeleton of the larval pectoral fin. The pectoral fin endoskeleton is expanded as well as restructured during larval stages in a process which involves decomposition of cartilage matrix in the endoskeletal disc. Our comparisons of apical fold morphology with reports on other teleosts and tetrapod apical ridges show them to be homologous on the structural level. Comparisons of endoskeletal development of the zebrafish with reports on teleosts, actinopterygians and chondrichthyans show that endoskeletal morphogenesis in the zebrafish pectoral fin follows a morphogenetic process which is widespread among actinopterygians.
Introduction
The possession of paired appendages is a general character of gnathostomes which represent the majority of vertebrates. This group consists of chondrichthyans, or cartilaginous fishes such as sharks, actinopterygians, or ray finned fishes such as teleosts (e.g. Danio rerio, the zebrafish), and sarcopterygians which include the lobe finned fishes such as the extant lungfish Neoceratodus and all four legged vertebrates, the tetrapods (Janvier, 1996) . There are two paired appendage types (Goodrich, 1930; Jarvik, 1980; Janvier, 1996) , both located in the ventrolateral body wall: the pectoral fins (forelimbs of tetrapods) at the anterior end of the trunk and the pelvic fins (hindlimbs of tetrapods) at the posterior end of the trunk, just in front of the anus. Pectoral and pelvic appendages are supported by a cartilaginous endoskeleton which usually ossifies during development in actinopterygians and sarcopterygians. It consists of the pectoral and pelvic girdles and the endoskeleton of the free extremity. The latter articulates with the girdle and extends distalwards between the dorsal and ventral muscles. In fishes, extending from the distal margin of the muscularized part of the fin, there is a large non-muscularized dermal fin fold which makes up most of or even the entire web of the fin. The fin folds are supported by dermal fin rays which ossify without cartilaginous precursor in actinopterygians and lobe finned fishes. The fin folds and the dermal fin rays are lacking in tetrapod limbs which consist of the proximal, muscularized, endoskeleton-supported part of the gnathostome extremity only.
The pattern of the endoskeletal elements differs considerably in different gnathostomes (Goodrich, 1930; Zangerl, 1981; Shubin, 1995) . In chondrichthyans and actinopterygians it consists of a variable number of radials which articulate directly or indirectly through so called basal elements with the girdles. The basal elements may be present in variable numbers or may be missing (Shubin, 1995) , as in the zebrafish (Coates, 1995) . In sarcopterygians, the endoskeletal patterns are uniform in their proximal parts but differ distally (Vorobyeva and Hinchliffe, 1995) . In the pectoral and pelvic fins of lobe finned fishes and in the fore-and hindlimbs of tetrapods, a single bone (humerus/femur) articulates with the girdle supporting the upper arm/leg of tetrapods (stylopod). At its distal tip, it articulates with two bones (radius and ulna or tibia and fibula) which support the lower arm/leg of tetrapods (zygopod) and which may fuse during ontogeny in basal sarcopterygians such as Neoceratodus (Vorobyeva and Hinchliffe, 1995) . Further distally, there is a variable arrangement of bones which, in tetrapods, make up the skeletons of hand and foot (autopod).
Tetrapod limbs develop from embryonic anlagen called limb buds which arise from local proliferations of the lateral plate mesoderm. They are covered by the ectoderm which thickens at the distal margin of the limb bud, forming the apical ectodermal ridge (AER). The AER is located at the border of the dorsal and ventral surface of the limb bud and extends along its anteroposterior axis. The endoskeletal elements arise in a proximal to distal sequence in the mesenchyme of the limb buds. In histological preparations, they become visible as packages of dense mesenchyme, so called chondrogenic chondensations, which differentiate into cartilaginous elements by secretion of cartilage matrix. The early condensation pattern becomes modified during later development by growth, fusion and, in rare cases, by regression of elements (Hinchliffe, 1977; Hinchliffe and Griffiths, 1983; Shubin and Alberch, 1986; Müller, 1991) .
Studies on the mechanisms of paired appendage development have been largely confined to the fore and hindlimbs of two tetrapod model organisms, the mouse and the chicken. Embryological manipulations in the chicken have revealed the existence of three organizing centers that establish proximodistal, anteroposterior and dorsoventral polarities in the limb bud (reviewed by Hinchliffe and Johnson, 1980) . The AER promotes outgrowth of the limb bud and endoskeletal patterning along the proximodistal limb axis. The zone of polarising activity (ZPA) which is located in the posterior limb bud mesenchyme patterns the anteroposterior limb axis while the non-ridge ectoderm is involved in specification of the dorsoventral axis in the region of the autopod.
Secreted factors mediate the functions of the three organizing centers (reviewed by Tickle, 1995; Cohn and Tickle, 1996; Johnson and Tabin, 1997) . After removal of the AER from the limb bud margin, its functions can be replaced by sources of each one of the three fibroblast growth factors (FGF), FGF-2, -4, and -8, which are expressed in the AER (Niswander et al., 1993; Fallon et al., 1994; Crossley et al., 1996; Vogel et al., 1996) . Dorsoventral patterning relies on the activity of the secreted product of the wnt-7a gene in the dorsal ectoderm which instructs the underlying limb bud mesenchyme to differentiate dorsal structures (Parr and McMahon, 1995; Riddle et al., 1995) and on the expression of the en-1 gene in the ventral ectoderm which appears to allow ventral fates to be executed in the limb bud (Loomis et al., 1996) . The function of the ZPA is thought to be mediated by the sonic hedgehog (shh) gene product because its mRNA localises to the posterior limb mesenchyme and grafts of shh expressing cells repolarize the skeletal pattern of the host limb in the same way as ZPA grafts (Riddle et al., 1993) .
Concerning the downstream targets of the three signalling centers, most progress has been made in analysing the function of genes of the HoxA and HoxD clusters (paralogues 9-13). Members of both clusters are successively activated during distinct phases of limb development in correlation with the temporal sequence of skeletal patterning in the stylopod, zeugopod and autopod, respectively (Duboule, 1994; Nelson et al., 1996) . Signals from the AER and ZPA are able to regulate HoxD gene expression (Izpisúa-Belmonte et al., 1991; Izpisúa-Belmonte et al., 1992; Riddle et al., 1993; Niswander et al., 1994; Laufer et al., 1994) . Hox genes have been demonstrated to influence the formation of the primary pattern of chondrogenic condensations (e.g. Morgan et al., 1992; Dollé et al., 1993; Fromental-Ramain et al., 1996) , and to mediate the subsequent proliferation and differentiation of these condensations (e.g. Yokouchi et al., 1995; Davis et al., 1995; Goff and Tabin, 1997) .
Only recently has the zebrafish (Danio rerio), a teleost member of the actinopterygian clade, been introduced as a model organism of paired appendage development (Sordino et al., 1995) . Here, the functional existence of the three organizing centers has not yet been demonstrated. At the apical margin of the fin bud develops the fin fold (Sordino et al., 1995) , and different opinions exist whether it can be homologized with the tetrapod AER at any stage of its development. Gene expression studies have demonstrated that the products of shh (Krauss et al., 1993; Sordino et al., 1995) and en-1 (Hatta et al., 1991; Ekker et al., 1992) homologues are expressed at equivalent positions in zebrafish fin buds and tetrapod limb buds. These findings suggest the presence of a ZPA and a corresponding function of the ventral epidermis in fin and limb development. Similarly, an interdependence between the expression of signalling molecules and fin outgrowth might exist in the zebrafish, as in dackel mutant embryos the failure to maintain shh expression is coupled to an arrest of fin development (van Eeden et al., 1996) .
As in tetrapods, HoxA and HoxD genes are expressed in fin buds, albeit in a different pattern (Sordino et al., 1995) . The late distal phase of tetrapod Hox gene expression does not exist in the zebrafish. Because this phase is correlated with the patterning events of the autropod in tetrapods, Sordino et al. (1995) have concluded that a structural equivalent of the tetrapod autopod is absent in the zebrafish, thus offering a mechanistic explanation for pattern differences in distantly related taxa.
There are a number of descriptive studies available on several aspects of paired fin development in teleosts (Harrison, 1893 (Harrison, , 1895 Derjugin, 1910; Bouvet, 1968 Bouvet, , 1974a Géraudie and François, 1973; Géraudie, 1977 Géraudie, , 1978 Wood, 1982; Wood and Thorogood, 1984, 1987; Sordino et al., 1995; Mabee and Trendler, 1996; Cubbage and Mabee, 1996) , but comparatively little has been published particularly on the early aspects of zebrafish paired fin development.
In the present study we investigate the structure and the development of the zebrafish paired fins to provide a description of the course of their normal development. This will serve as a future basis for both experimental analysis as well as for studies using mutants affecting fin development (van Eeden et al., 1996) . We discuss general and derived aspects of apical ectodermal structure and endoskeletal development by comparing our results with reports on paired appendage development of other actinopterygians, chondrichthyans and sarcopterygians.
Results

Anatomy of the adult fin skeletons
A lateral view of an adult zebrafish is given in Fig. 1A . It shows the position of the paired pectoral and pelvic fins. From the outside only the fin folds can be seen which represent the webs of the fins. The endoskeletal and muscular components of the fins are located within and close to the body wall of the trunk. In the following description of the adult paired fins we follow the nomenclature used by Jessen (1972) for the pectoral fin and Goodrich (1930) for the pelvic fin.
Pectoral girdle and pectoral fin endoskeleton
The pectoral girdle is located between the head and the trunk. It is divided into an exoskeletal and an endoskeletal part which consist of dermal bones and of cartilage bones, respectively. The exoskeletal part, consisting of posttemporal, supracleithrum, cleithrum and postcleithrum (Fig.  1B) , is involved in closing the branchial cavity ventrally and caudally and in building a frame on which the caudal edge of the opercular apparatus can rest. It also connects the girdle to the occipital region of the skull. The endoskeletal part of the girdle supports the radials and consists of scapula, coracoid and mesocoracoid ( Fig. 1C,D ; see also the study of Cubbage and Mabee (1996) on the sequence of chondrification and ossification in the skull and the paired fins of the zebrafish).
The posttemporal is the dorsalmost bone of the girdle. It forms articulation sites with the occipital region of the skull (Fig. 1B) . Caudally, it articulates with the supracleithrum which extends caudoventrally such that its ventral end comes to lie lateral to the ascending leg of the cleithrum. The cleithrum is a large 'L'-shaped bone. Its ascending and descending legs (Fig. 1B) enclose an angle of approximately 115°. The ascending leg is placed like a pillar behind the occipital and branchial regions of the head. The descending leg forms a half-tube which is open ventrally. It is located below the branchial cavity and converges with the contralateral element towards the midline (Fig. 1E) where their anterior tips are joined by a ligament. The postcleithrum lies medially to the cleithrum and projects in a similar caudoventral direction in the body wall as the supracleithrum (Fig. 1B) .
Scapula, coracoid and mesocoracoid are located posterior to the cleithrum and are attached to its medial surfaces (Fig.  1C,D) . The scapula encloses an angle of approximately 45°w ith the anteroposterior body axis. Its anterior and dorsal edges are attached to the angle region of the cleithrum, its ventral edge articulates with the coracoid and its posterior edge forms articulation sites with the radials. The coracoid is situated ventrally to the scapula and to the descending leg of the cleithrum extending towards the body midline. It does not fuse with the contralateral element at its tip (Fig. 1E) . The mesocoracoid is a slender rod that rises from the region where scapula and coracoid articulate dorsally towards the ascending leg of the cleithrum.
There are two rows of endoskeletal radials along the proximodistal axis of the pectoral fin (Fig. 1C ,F,G) (see also Sordino et al., 1995) . They are turned roughly 90°f rom the vertical plane of the girdle thus assuming an oblique plane close to a horizontal position (Fig. 1G ). There are four proximal and six to eight distal radials. The first and second proximal radial articulate with the scapula laterally and medially, respectively (Fig. 1F) . The third and fourth proximal radials assume staggered positions further medially, each articulating with the next most lateral element (Fig. 1F) . The distal radials are located above and distal to the proximal radials. The first distal radial articulates directly with the scapula above the first proximal radial (Fig. 1G ). During development, it fuses with the dorsal half of the marginal ray, the first lepidotrich, thus loosing its separate identity (cf. . The homologous element in other actinopterygians has been termed propterygium (Jessen, 1972) . All other distal radials are located distal to the proximal radials (Fig. 1C,F) . The first three to four lepidotrichs articulate in a one to one manner with the distal radials while further medially, several lepidotrichs correspond to one distal radial.
Pelvic girdle and pelvic fin endoskeleton
The pelvic girdle consists of a single endoskeletal element on each side ( Fig. 2A) . For convenience of description it can be divided into three parts along the anteroposterior body axis. Anterior to the base of the fin, the girdle forms a flattened and broadened bone shaped like a trough with the concave side towards the trunk. In the region of the fin base the girdle is thickened proximodistally and articulates with two or three endoskeletal radials (Fig. 2B) . The medially located radial bears a slender process which is directed pos-teriorly. The two more laterally located radials are of spherical shape. Where there is only one lateral radial, it is elongated and occupies the space of two (cf. Fig. 10C ). The proximal segments of the lepidotrichs cover the radials completely and reach the girdle (Fig. 2C) . Posterior to the base of the fin, the girdle continues in a rodlike process. The posterior processes of both sides converge and are joined by a ligament (Fig. 2A) .
The skeletal support of the fin folds: lepidotrich structure
The exoskeletal lepidotrichs are present in characteristic numbers in the fin folds of pectoral and pelvic fins with small individual variations ( Fig. 1D and Fig. 2A ). Even in the same individual, lepidotrich numbers on opposite sides of the body may vary. In ten pectoral fin folds examined, 10-12 lepidotrichs were counted (average 10.8). In 10 pelvic fin ) showing scapula and radials. (G) Lateral view of scapula and distal radials with articulating lepidotrichs. bc, branchial cavity; bpl, first branchpoint of lepidotrichs; co, coracoid; cl (al/dl), cleithrum (ascending leg/descending leg); dr, distal radials; ff, fin fold; lep, lepidotrich; mc, mesocoracoid; mr, marginal ray; pcl, postcleithrum; pec, pectoral fin fold; pel, pelvic fin fold; pr 1-4, proximal radials 1-4; pt, posttemporal; sc, scapula; scl, supracleithrum; tco, anterior tip of the coracoid; tcl, anterior tip of the cleithrum. Arrows point rostrally. Scale bars, (B-E) 1 mm; (F,G) 0.2 mm. folds examined, either seven or eight lepidotrichs were counted (average 7.5).
All lepidotrichs belong to the soft ray type. Each one consists of a pair of half rays which in cross-section appear as a pair of brackets (cf. Fig. 11B ). The half rays are segmented along their proximodistal axis and segment length decreases from proximal to distal (Fig. 3A,B) . Only the first segment is structurally specialized in a way that reflects muscular insertions and thus fin type ( Fig. 3C-E) . Lepidotrichs can be unbranched or branched in a dichotomous manner (Figs. 1D and 2A) . The branching behaviour, although variable, is not totally random. The anterior or leading edge of the finfold is supported by an unbranched marginal ray. Most of the other rays caudal to the marginal ray are branched but there is a decreasing frequency of branching near the posterior or trailing edge of the fins. In branched rays, the anterior branch is more frequently observed to branch a second time than the posterior branch in the pectoral fins, whereas the opposite is true in the pelvic fins.
Development of the paired fins
The paired fin anlagen arise from local mesenchymal proliferations which produce mounds that protrude distally from the ventrolateral body wall (Fig. 4A,B) . These swellings are termed fin buds in analogy to the limb buds of the paired limb anlagen of tetrapods (Bouvet, 1968) . The origin of the mesenchyme is not certain but is conventionally interpreted as mesodermal (see Géraudie and François,; Smith et al., 1994 , for discussion of possible origins). During development, the mesenchyme of the fin buds becomes divided into two parts which differ in location and prospective fate and will be referred to as proximal mesenchyme (myo-and endoskeletogenic) and distal mesenchyme (exoskeletogenic in the fin fold).
Development of the pectoral fins
The pectoral fins develop in two phases. Prior to hatching, during the second and third day of embryonic development, functional larval pectoral fins develop in the first developmental phase. In contrast to the adult fins, the larval appendages are characterized by their vertical orientation with reference to the anteroposterior body axis, by less complex endoskeletons and by fin folds which are supported by actinotrichs (Fig. 7C ). The larval structure of the pectoral fins is maintained during the first two weeks of life. In the course of the third week (5.4-5.8 mm), the second phase of pectoral fin development begins, ultimately leading to the adult structure (Fig. 1D ). The fins gradually rotate into a nearhorizontal position with respect to the anteroposterior body axis, the endoskeletons are restructured and expanded, and the lepidotrichs develop within the fin folds.
First phase: development of the larval pectoral fins. A lateral view of a living embryo and a cross section through an embryo at the beginning of the second day show the location and orientation of the pectoral fin bud with respect to the trunk (Fig. 4A,B) . On the dorsal side of the embryo the neural tube and the notochord as well as somitic musculature have already differentiated whereas ventrally the endoderm remains mesenchymal in character projecting against a groove in the yolk. The somatopleure which gives rise to the peritoneal epithelium and the pectoral fin buds is growing laterally around the yolk between the yolk syncytial layer and the epidermis. The pectoral fin buds are localized lateral to the second and third myotome. Their anteroposterior axis is almost parallel to the anteroposterior body axis, their proximodistal axis is parallel to the dorsoventral body axis, and their dorsoventral axis is parallel to the mediolateral body axis with the dorsal side of the fin buds facing the myotomes. In the following description the orientation of the pectoral fin axes is given with respect to these initial conditions.
At the end of the first day (stage: prim3;~23 hpf; stages according to Kimmel et al., 1995) , the somatopleure mesoderm in the region of the second and third myotome consists of a mesenchymal layer two to three cells thick with irregularly arranged nuclei (Fig. 5A ). Early on the second day (stage: prim8;~26 hpf) a round mesenchymal condensation can be observed in vivo forming a tiny fin bud in this location. Cross sections of fin buds (stage: prim10,12;~27-28 hpf; Figs. 4B and 5B) show an increased number of cells with the long axes of their nuclei arranged perpendicularly to the basement membrane of the epidermis. At the base of the fin buds flattened nuclei indicate the differentiating peritoneal epithelium. As the pectoral fin buds grow along their proximodistal axis, the orientation of mesenchymal nuclei perpendicular to the epidermal basement membrane becomes restricted to the distalmost cell layer (stage: prim16;~31 hpf; Fig. 5C ) and is finally lost (stage: prim27;~37 hpf; Fig. 5D ). Already at this stage (stage: prim27;~37 hpf; Fig. 5D ) a chondrogenic condensation is visible in the center of the fin bud. As the condensation grows, it divides the mesenchyme of the bud into a dorsal and a ventral half (high-long pec stage;~46 hpf; Fig. 5E ). The latter differentiate into the dorsal and ventral muscle masses of the pectoral fin. The proximal part of the chondrogenic condensation gives rise to the scapulocoracoid, the larval endoskeletal girdle. From its posterior end, the postcoracoid process (Derjugin, 1910) starts growing out into the body wall in a caudal direction (observed in vivo at 52 hpf; cf. Fig. 7C ). The distal part of the chondrogenic condensation becomes organized into a cartilaginous disc of one cell diameter in width between the dorsal and ventral muscle masses representing the fin endoskeleton proper (Fig. 5F ). Girdle and fin skeleton remain connected by a poorly chondrifying zone of chondrogenic mesenchyme which can be seen in horizontal sections (cf. Fig. 7A ). The cleithrum develops as a membrane bone anterior of the scapulocoracoid outside the fin bud mesenchyme in a separate layer of connective tissue which can be recognized in sections at 53 hpf (cf. Fig. 7A ).
During the first phase of development, the epidermis is a two-layered epithelium consisting of the basal stratum and an extremely flattened outer peridermal layer (Bouvet, 1976) . Before formation of the fin buds, only a few epidermal nuclei can be seen in the epithelium covering the somatopleure lateral of the second and third myotome (stage: prim3;~23 hpf; Fig. 5A ). The number of nuclei in the basal stratum increases during initial stages of budding (stage:prim12;~28 hpf; Fig. 5B ). Subsequently, the basal stratum produces an apical thickening which rims the fin buds in an anteroposterior direction (stage:prim16;~31 hpf; Fig. 5C ). The cells involved in this apical thickening are of wedge-like shape with their proximal tapering poles facing towards each other (Fig. 6A) . The apical thickening is but a transient structure during the formation of the apical fold which constitutes a mesenchyme-free duplication of the basal stratum along the distal margin of each fin bud (34-36 hpf; Fig. 6B,C) . Cells of the basal stratum in the newly formed apical fold assume a cylindrical shape in contrast to their flat cuboidal appearance elsewhere in the bud. (Fig.  6C) . As the apical fold grows, the fin bud mesenchyme at its base becomes gradually loosened (42 hpf) and subsequently starts migrating into the fold (48 hpf; Fig. 6D ) as can be observed in vivo. This mesenchymal migration has been described in detail in the pectoral fins of the killifish (Wood and Thorogood, 1984, 1987) . At the same time, collagenous rays, the so-called actinotrichs, are observed as supportive elements in the fold (see below). The mesenchymal migration separates the proximal from the distal mesenchyme of the bud and transforms the apical fold into the fin fold of the larval pectoral fin (Fig. 6E) . With the development of the marginal blood vessel at the border between the proximal and distal mesenchyme, the pectoral fins reach their larval structure (Figs. 5F and 6E).
As the larval pectoral fins form from the fin buds, they rotate from the above described initial position of the bud in such a way that their distal tips point caudally and the anterior edges of the fins face upwards with respect to the body's orientation. This rotation is indicated in Fig. 6F .
During the initial stages of budding and endoskeletal differentiation, many mitotic figures can be observed throughout the fin bud mesenchyme. As the larval structure is reached, the proliferation rate drops drastically. The number of mitotic figures observed in serial sections remains high during the prim-and early differentiation stages until 46 hpf. It drops in the series of the 57 hpf-and 72 hpf larvae. During the following two weeks, the larval pectoral fins continue to grow while their larval structure is maintained. During the fourth and fifth day, the scapulocoracoid grows towards, and attaches to, the cleithrum (Fig. 7A,B) . It also forms the fora- men coracoideus (3.6-3.8 mm; Fig. 7C ). Furthermore, the cells of the endoskeletal disc divide along the dorsoventral fin axis, such that the cartilaginous disc becomes composed of two arrays of exactly superimposed cells at 126 hpf (Fig.  7B) . Until the beginning of the second phase of fin development during the third week postfertilisation at 5.4-5.8 mm larval length, the endoskeletal disc grows by expansion of its cells along all three axes rather than by cell division (Fig. 7C-F) . The proximodistal axis of the endoskeletal disc remains 28-30 cells wide (on average 29; counted across the central region of nine fin endoskeletons; 3.7-5.2 mm length). The anteroposterior axis remains 23-26 cells wide (on average 24.1; counted across its longest diameter of the same nine endoskeletons). The dorsoventral axis remains two cells wide (observed in ten endoskeletons between 4.0 and 7.6 mm). Along its anterior and distal margin, proximal to the marginal blood vessel, the endoskeletal disc is surrounded by a thin layer of cells from the proximal mesenchyme that have retained their mesenchymal character (126 hpf; Fig. 7E ). During the following days, this sheet of cells grows to form the conspicuous mesenchymal rim layer of the proximal mesenchyme in the periphery of the endoskeletal disc (Fig. 7F) . During the same time, the distal mesenchyme reorganizes from a monolayer, which it has initially formed during migratory stages, to the dermal layers of the fin folds (see below) (Fig. 7E,F) .
Second phase: development of the adult pectoral fins. Extensive reconstructions and expansions of the pectoral 140°;~57 hpf. af, apical fold; at, apical thickening; bm, basement membrane; bs, basal stratum; cc, chondrogenic condensation; dm, dorsal musculature; dmm, dorsal myogenic mesenchyme; ed, endoskeletal disc; epi, epidermis; mbv, marginal blood vessel; pe, peritoneal epithelium; peri, periderm; som, somatopleure; vm, ventral musculature; vmm, ventral myogenic mesenchyme; y, yolk. The axial orientation of the pectoral fins is: distal to the top, dorsal to the left. Scale bars, 20 mm.
girdle and fin skeleton begin in the third week of development (5.4-5.8 mm; 13-17 dpf). In the pectoral girdle, the postcoracoid process, projecting caudally from the scapulocoracoid into the body wall (Fig. 7C) , becomes gradually reduced in a caudocranial sequence until it disappears completely (9.5-9.8 mm; Fig. 8A-C) . Simultaneously, the precoracoid process (Derjugin, 1910) commences to grow rostrally (5.7-5.8 mm) towards the ventral midline underneath the cleithrum (Fig. 8A-C) . It will form a large part of the coracoid in the pectoral girdle of the adult. The foramen scapularis is formed at the upper end of the scapulocoracoid (5.7-6.1 mm; cf. Fig. 8A ). The mesocoracoid cartilage arises from a thickening at the medial side of the scapulocoracoid near the future border of scapula and coracoid, growing towards the ascending bar of the cleithrum (8.3 mm; not shown). Supracleithrum (5.7 mm) and postcleithrum (9.1 mm) appear as dermal ossifications of the exoskeletal shoulder girdle (not shown; Fig. 8C ).
In the fin skeleton a local decomposition of cartilage matrix commences in the center of the endoskeletal disc hpf, only few mesenchymal cells are situated proximal to the marginal blood vessel. (F) 5.7 mm, 18 dpf, the mesenchymal rim layer has developed. (G) 8.0 mm, the decomposition of cartilage matrix between prospective proximal radials is under way. A distal radial differentiates in the mesenchymal rim layer. Cellular proliferation is evidenced by thinner matrix deposits between the cells (arrowheads), dorsoventral thickening of the radials occurs by proliferation (arrows). ac, actinotrichs; bm, basement membrane; cl, cleithrum; dl, dermal layer of distal mesenchyme; dm, dorsal musculature; dr, distal radial; ed, endoskeletal disc; fc, foramen coracoideus; ff, fin fold; lep, lepidotrich; mbv, marginal blood vessel; mdz, zone of matrix decomposition; pop, postcoracoid process; pr, proximal radial; rl, rim layer of the proximal mesenchyme; sco, scapulocoracoid; vm, ventral musculature. Scale bars, (A,B,E,F,G) 20 mm, (C,D) 100 mm. .5 mm, the proximal radials are individualized, the postcoracoid process is reduced (arrowhead), the dorsal half of the marginal ray fuses with the first distal radial (arrow). (D) 11.5 mm, rotation of the fin endoskeleton against the girdle, the dorsal half of the marginal ray is fused to the first distal radial (arrow). (E) Detail of (B) showing matrix decomposition; cell divisions lead to cruciform matrix deposits between the daughter cells. cl, cleithrum; dr, distal radial; fc, foramen coracoideus; fs, foramen scapulae; lep, lepidotrich; mdz, zone of matrix decomposition; mr, marginal ray; pcl, postcleithrum; pop, postcoracoid process; pr, proximal radial; prp, precoracoid process; sco, scapulocoracoid. Proximal is to the left in all figures. Scale bars, 100 mm.
(5.4-5.8 mm) and expands along the proximodistal fin axis in both directions, dividing the disc into an anterior and a posterior half (Fig. 8A) . Before division is complete, two new zones of matrix decomposition arise near the centers of the anterior and posterior halfs of the disc (8.0-8.5 mm; 25-30 dpf; Fig. 8B ,E). They also progress bidirectionally along the proximodistal axis. The larval endoskeletal disc is thus divided into four stripes of cartilage which represent the four proximal radials (Fig. 8C) .
Starting slightly before the decomposition of cartilage matrix begins, the cells of the endoskeletal disc commence one round of cell division throughout the disc as evidenced by thinner cartilage matrix deposits along adjacent daughter cells (beginning at 5.4 mm; Fig. 7D) . A second round of cell division starts at 6.6 mm and is completed before the four proximal radials are individualized (Fig. 8E) . The two rounds of cell division lead to an increased number of cells along the proximodistal and anteroposterior axes of the endoskeleton, as indicated by the cruciform pattern displayed by the newly deposited cartilage matrix (Fig. 8E) . During the same period the width of the endoskeletal disc along the dorsoventral fin axis has remained two cells in diameter (observed until 7.6 mm). Subsequently, thickening of the four radials occurs as they appear as discrete elements in the later phase of the matrix decomposition process (Fig. 7G) .
Distal to the larval endoskeletal disc, cartilaginous de novo condensations arise in the mesenchymal rim layer of the proximal mesenchyme in an anteroposterior sequence (8.0-8.2 mm; 25 dpf; Figs. 1G and 8A-E). In the fin fold, the lepidotrichs begin to form before the distal radials (7.1 mm; 23 dpf; Fig. 8A-E) . The dorsal half of the marginal ray fuses with the first distal radial (8.7 mm; Fig. 8C,D) , the propterygium of Jessen (1972) , and articulates directly with a notch in the scapula which is subsequently formed (Fig.  8D) . As the proximal radials become individualized, the fin skeleton starts rotating against the girdle towards the nearhorizontal position of the adult (beginning at 8.2-8.9 mm) such that the anterior edge becomes the leading edge of the fin, located laterally and the posterior edge becomes the trailing edge of the fin, located medially. The rotation is indicated in Fig. 8C-D . Three centers of ossification arise in the larval scapulocoracoid to form the three discrete bones of its adult counterpart: scapula, coracoid and mesocoracoid. The stages and the sequence of ossification in the shoulder girdle and pectoral fin has been reported by Cubbage and .
Development of the pelvic fins
A notable difference between the development of the pectoral and pelvic fins of the zebrafish is that the latter leads directly to the formation of the adult fin structure without a developmental detour via a larval appendage. The pelvic fin buds begin to develop during the third week postfertilisation (6.5 mm; 18 dpf) but it is only after four weeks that the skeleton has formed completely (10.1 mm; 29 dpf).
The pelvic fins arise in the ventrolateral body wall from mesenchyme located ventral to the hypaxonic musculature between epidermis and peritoneal epithelium in the region ventral to the ninth and tenth myotome. At the earliest stage observed (6.5 mm) there is no fin bud visible in the living embryo but a mesenchymal layer of three to four cells in width is obvious in the prospective pelvic fin region. It is not observed further anteriorly or posteriorly in the ventrolateral body wall. During further development, the pelvic fin bud mesenchyme proliferates, generating a fin bud which is clearly visible in the living larva. The nuclei of cells directly located underneath the epidermis orient their long axes perpendicularly to the basement membrane (6.7 mm; 6.9 mm; Fig. 9D ). As the distal mesenchyme populates the fin fold, this orientation is lost (7.2 mm; Fig. 9E ).
The fin anlage is covered by the stratified epidermis which at first consists of a basal and a superficial stratum (6.5 mm; Fig. 9A ). The cells of the basal stratum are cuboidal to cylindrical in shape and so densely packed that most cells show a nucleus in 2 mm cross sections. This arrangement differs from regions located further anteriorly and posteriorly where the cells of the basal stratum are more loosely packed and of flat cuboidal shape. In slightly further developed pelvic fin anlagen, an apical ectodermal thickening arises, rimming the pelvic fin buds in anteroposterior direction. It consists of wedge-like cells of the basal stratum and is observed only transiently (6.7 mm; Fig. 9B ). Subsequently the cells of this region form the apical fold which consists of a dorsal and a ventral layer of cylindrical cells whose bases are closely apposed facing towards each other (6.9 mm; Fig. 9C,D) . Fin fold formation begins as cells of the prospective distal mesenchyme protrude pseudopods against the apical fold. The dorsal and ventral layers of the basal stratum separate to make room for the migrating distal mesenchyme (7.2 mm; Fig. 9E ).
Sections through older larvae as well as alcian blue stained specimens show that the pelvic girdle develops bidirectionally along the anteroposterior body axis (Fig.  10A-C) . At first, the region of the later fin base differentiates within the proximal mesenchyme of the fin bud (8.0 mm; Fig. 9F ). Later on, the more anteriorly and posteriorly located regions develop into a cranial and caudal direction within the mesenchyme of the body wall. The chondrogenic condensations of the radials form after the condensation of the pelvic girdle has become visible in a mediolateral sequence (8.8 mm; Fig. 10B,C) . The adult variability in radial number can already be observed at this stage, when either two or three radials develop ( Fig. 10C; cf. Fig. 2B ).
The mesenchymal proliferation rate increases substantially as the apical fold forms (6.9 mm). It remains high throughout the period observed in cross sections (until 9.0 mm) even during stages when skeletal and muscular differentiation occurs (8.5 and 9.0 mm). However, the distribution of mitotic figures changes with time. During early stages there is higher mitotic activity in the layer of mesenchymal cells directly beneath the epidermis than in the mesenchyme located deeper in the bud. While the skeleton and the muscles are differentiating, most mitoses are observed to take place deep in the mesenchyme and only very few directly beneath the epidermis.
Fin fold structure and lepidotrich differentiation
The fin folds are the functional webs of the paired fins. They arise as a consequence of apical fold expansion and of migration of the distal mesenchyme. They can thus be defined as the part of the fin which is populated by the distal mesenchyme or its derivatives (Figs. 1A,D, 2A , 6E, 7F, and 9F). The fin folds are delimited by a dorsal and a ventral stratified epidermis. The cells of the epidermal basal stratum are positioned on a basement membrane. Directly beneath the basement membrane of each side there is an array of actinotrichs, fibers of the extracellular matrix which act as supportive elements of the larval fin folds (Bouvet, 1974a) . They show a round unstructured appearance in cross section (Fig. 11A) , and are thought to be produced by the epidermis (Bouvet, 1974a; Géraudie, 1977 Géraudie, , 1978 . After invasion of 6.9 mm, apical fold, detail of (D). (D) 6.9 mm, pelvic fin bud with apical fold located ventrally to the hypaxonic trunk muscles in the body wall. (E) 7.2 mm, the fin fold forms as the distal mesenchyme invades the apical fold. (F) 8.0 mm, differentiation of the pelvic girdle and dorsal and ventral fin muscles, initiation of lepidotrich development (arrowheads), the distal mesenchyme forms two dermal layers beneath the actinotrichs. ac, actinotrich; af, apical fold; bm, basement membrane; bs, basal stratum; c, coelom; cc, chondrogenic condensation; cyl c, cylindrical cell; dl, dermal layer of the distal mesenchyme; dm, dorsal musculature; ff, fin fold; hm, hypaxonic muscles; i, intestine; p, pancreas; pe, peritoneal epithelium; pm, pelvic fin mesenchyme; sus, superficial stratum of epidermis; vm, ventral musculature. Scale bars, 20 mm. the fin folds, the distal mesenchyme is organized into two dermal layers located directly below the actinotrichal arrays on each side, leaving a space which is populated by loose mesenchymal cells (Figs. 7E and 9F) .
The differentiation of lepidotrichs occurs in the pectoral fin folds in an anteroposterior direction and bidirectionally in the pelvic folds where the more medially located lepidotrichs are formed prior to more marginally located ones. In both fins, single lepidotrichs develop in a proximodistal sequence. Thus lepidotrich development can be followed by comparing different proximodistal levels of one lepidotrich in one fin fold proceeding from distal to proximal. This series, taken from different levels of a pectoral fin fold illustrates lepidotrich development (Fig. 11A,B) .
The lepidotrichs arise in a process of twofold displacement of extracellular matrix material from the basement membrane of the epidermis. In the first step, cells of the distal mesenchyme squeeze between the basement membrane and the actinotrichs, displacing the latter deeper into the mesenchyme in a spatially restricted area (Fig. 11A, cf.  Fig. 9F ). They cause the basement membrane to bulge outwards which thus forms a bracket like contour characteristic of the future half ray (Fig. 11A) . Subsequently, bony matrix is deposited onto the basement membrane which acts as a mold. This process can be visualized in histological sections by the bone specific staining pattern of these regions (Fig.  11A ). In the second step, mesenchymal cells squeeze between the newly formed half ray and the basal stratum of the epidermis (Fig. 11B) . The lepidotrichs thereby become totally embedded in the mesenchyme of the fin fold. As this happens, the actinotrichs disappear from the mesenchyme in more proximal regions of the fin folds and the distal mesenchyme reorganizes, forming a connective tissue between two adjacent half rays (Fig. 11B) . Our obser-vations on lepidotrich development in the zebrafish agree with those of Harrison (1893) in the salmon (Salmo salar).
Discussion
The paired fins arise from mesenchymal proliferations which form fin buds in the ventrolateral body wall. While the buds are growing, the apical epidermis produces an apical fold which rims the buds in an anteroposterior direction. It is subsequently transformed into the fin fold, the functional web of the fin, as it is populated by migrating mesenchymal cells. This process leads to the subdivision of proximal and distal mesenchyme in the paired fin anlagen, reflecting the later subdivision of the fin skeleton into a proximal endoskeletal and a distal exoskeletal part.
In both fins, major parts of the girdles arise from the proximal mesenchyme. Their anterior and posterior processes however develop outside the fin bud mesenchyme within the body wall. The endoskeletons arise in a proximodistal sequence. In the pectoral fin a common condensation of the pectoral girdle and the proximal radials arises prior to the condensations of the distal radials. In the pelvic fin, the condensation of the pelvic girdle arises prior to the condensations of the radials.
An important difference is observed during endoskeletal morphogenesis between pectoral and pelvic fins. In the pelvic fins, the chondrogenic condensations directly form the endoskeletal pattern seen in the adult. In the pectoral fins, a morphogenetic detour is observed via a simple larval endoskeleton which becomes remodelled and expanded long after its formation.
A comparative analysis of apical epidermal structure in teleosts and tetrapods
The demonstration that the apical ectodermal ridge is necessary and sufficient to promote distal outgrowth and correct proximodistal patterning in the chick limb bud has reinforced the focus on apical epidermal structure in studies of vertebrate limb development. Ectodermal ridges have been described in anuran amphibians (Stebler, 1973) , chelonians (Milaire, 1957) , lacertilians (Milaire, 1957; Goel and Mathur, 1977) , birds (Jurand, 1965) and mammals (Jurand, 1965; Milaire, 1965) . They are thus a widespread characteristic of tetrapod limb buds and suggestive of a common developmental mechanism. It is desireable to extend this comparison to lower vertebrates. However, only few studies on the early development of teleost paired fins are available (Bouvet, 1968; Géraudie and François, 1973; Géraudie, 1978; Wood, 1982) and opinion is at variance as to the existence of a ridge in the species examined. The cause for these discrepancies lies not so much in different structural aspects of the apical epidermis in different species or in differences of pectoral and pelvic fins within one species but in the definition of 'apical ectodermal ridge' given by different authors. The ridge has been defined simply as an elevation of the ectoderm by Bouvet (1968) who reports its existence in both paired fin buds of the trout (Salmo trutta fario). In other studies (Géraudie and François, 1973; Gér-audie, 1978) , investigators have compared the histological characteristics of the apical epidermis in the pelvic fin buds of the trout (Salmo fario, S. gairdneri) to the pseudostratified epithelium found in the chick apical ridge. They have reported a 'pseudoapical ridge' to stress the fact that it consists of an apical fold and thus differs histologically from the chick ridge whereas in killifish (Aphyosemion scheeli) pectoral fin buds a 'pseudostratified, columnar apical ridge' has been reported to precede apical fold formation (Wood, 1982) .
The main objection against homologizing the apical fold of teleosts with the apical ridge of tetrapods has been that apical folding of the basal stratum is a unique trait of fish fin buds (Géraudie and François, 1973; Géraudie, 1978; Wood, 1982) . The cross sections published by Goel and Mathur (Goel and Mathur, 1977;  Fig. 2 ) and especially Milaire (Milaire, 1957; plates XVI and XVII; Figs. 14 and 29) in their studies on chelonian and lacertilian limb development however show that in these groups apical ridges consist of a folded, columnar basal stratum with the bases of its cells closely apposed to each other. Furthermore, the chick apical ridge is centered around a pit (Jurand, 1965) which in this context must be interpreted as the vestige of the 'reptilian' fold. The examples show that the property of the basal stratum to form an epidermal fold is not a specific characteristic of the teleost apical epidermis.
The apical folds of the zebrafish paired fins arise in a way which has also been described for the development of the embryonic median fin fold (Dane and Tucker, 1985) . Their morphogenesis involves characteristic shape changes in the epidermal basal stratum from cuboidal to wedge-like to columnar cells. Periderm and outer strata are not involved. Published cross sections of the trout apical epidermis (Bouvet, 1968; Géraudie and François, 1973) show the same course of morphogenesis. In some of the sections prepared from zebrafish fin buds in the course of this study (Grandel and Schulte-Merker, unpublished) and in one of Bouvet's illustrations (Bouvet, 1968;  Fig. 3c ), a distal displacement of nuclei can be observed during the 'wedge-phase' which marks the transition to the pseudostratification observed in the killifisch (Wood, 1982) .
A comparison of published cross sections of tetrapod ridges by Stebler (1973) and a reinvestigation of published figures from Stebler (1973) , Milaire (1957 Milaire ( , 1965 , Goel and Mathur (1977) and Jurand (1965) in the course of this study yield the following traits shared by all tetrapod ridges examined: tetrapod ridges arise after a limb bud is established; in tetrapod ridges the basal stratum of the epidermis is always involved in ridge formation; the cells of the basal stratum assume, at least temporarily, a columnar shape. Major differences among tetrapod ridges concern apical folding, stratification of the epidermis and the precise cellular arrangement. The histological structure of the apical folds described in this study for the pectoral and pelvic fins of the zebrafish as well as in studies on other teleosts (Bouvet, 1968; Géraudie and François, 1973; Wood, 1982) conforms to all above mentioned traits common to tetrapod ridges. We thus propose that the apical folds of teleosts are structurally homologous to the apical ectodermal ridges of tetrapods.
A comparison of endoskeletal morphogenesis in the pectoral fins of the zebrafish with other teleosts, actinopterygians and chondrichthyans
After its first appearance, the primary pattern of chondrogenic condensations in developing tetrapod limbs is modified by fusion, growth and, in rare cases, regression of its elements to give rise to the mature adult pattern (Hinchliffe, 1977; Hinchliffe and Griffiths, 1983; Shubin and Alberch, 1986; Müller, 1991) . In the pectoral fins of the zebrafish, the embryonic condensation pattern is also subject to modifications. The initial condensation gives rise to parts of the girdle and to the endoskeletal disc which is later subdivided during larval stages into four proximal radials by decomposition of cartilage matrix. Because such a modification has not been reported in tetrapods, it is important to ask whether zebrafish pectoral fin development is derived in this regard or whether it is representative of a larger taxon.
We have thus undertaken a comparison with descriptions of endoskeletal development of the pectoral fins of other teleosts (Salmo salar: Harrison, 1895 ; Ammodytes tobianus, Gobius minutus, Lophius piscatorius, Clupea sp., Salmo salar: Derjugin, 1910; Clupea pilchardus: Goodrich, 1930; Salmo trutta: Bouvet, 1968 ; Betta splendens: Mabee and Trendler, 1996; Danio rerio: Cubbage and Mabee, 1996) . It reveals that an initial chondrogenic condensation in the fin bud mesenchyme gives rise to the endoskeletal girdle and a cartilaginous disc (Harrison, 1895; Derjugin, 1910; Goodrich, 1930) . In all species studied, the disc is subdivided during the larval period to give rise to the proximal radials. As far as can be judged from the published figures, the process of subdivision involves decomposition of cartilage matrix. The distal radials arise as separate chondrogenic foci distal to the proximal radials (Derjugin, 1910; Bouvet, 1968; Mabee and Trendler, 1996) .
We have extended this comparison to phylogenetically more basal actinopterygians, as descriptions of endoskeletal development are available for Amia calva (Heronimus, 1911) , Acipenser sturio (Wiedersheim, 1892; Mollier, 1897) , Acipenser ruthenus (Sewertzoff, 1926) , Acipenser stellatus (Kryzanovsky, 1927) , Lepidosteus sp. (a short note by Kryzanovsky, 1927) and Polypterus senegalus (Budgett, 1902; Bartsch et al., 1997) . We have also examined the pectoral fin endoskeletons of two alcian blue stained larval Polypterus senegalus and P. ornatipinnis, kindly provided by Dr. Peter Bartsch (Museum für Naturkunde der Humboldt-Universität zu Berlin).
The pectoral fin endoskeletons arise from a common anlage with the pectoral girdle (Amia calva, Acipenser spp.). In all species described, the fin endoskeleton proper is first composed of a skeletogenic disc, and only Mollier (1897) has not reported its existence. The discs are reported to be either 'cartilaginous' (Polyperus senegalus, Lepidosteus sp.), 'procartilaginous' (Acipenser sturio, Amia calva) or composed of 'compacted mesenchyme' (Acipenser ruthenus, Acipenser stellatus). The discs are subdivided to give rise to the endoskeletal elements of the fins. In the disc of Amia calva, Heronimus (1911) reports that the procartilaginous tissue between the prospective radials 'disappears', and in Acipenser spp., the mesenchyme between the prospective radials becomes 'less dense' (Sewertzoff, 1926) . In Polypterus senegalus the subdivision occurs by decomposition of cartilage matrix (personal observation). Thus in those species which have been examined, the tissue between the prospective skeletal elements looses its skeletogenic character, thereby separating the endoskeletal elements from each other (Fig. 12) . The origin of the distal radials is somewhat obscure. Only in Acipenser ruthenus (Sewertzoff, 1926 ) have these been reported to arise like in the zebrafish from separate chondrogenic condensations distal to the proximal radials. In any case it is clear that they arise after the subdivision of the disc has begun.
The above quoted descriptions on the development of the pectoral fins of teleosts, basal actinopterygians and our own description of zebrafish pectoral fin development agree in the following points. (1) There is a common anlage of the endoskeletal pectoral girdle and at least part of the fin endoskeleton proper (the distal radials of Acipenser ruthenus and teleosts arise from separate condensations). (2) The part of the common anlage which will develop into the fin endoskeleton proper is represented by a skeletogenic disc which is composed of dense mesenchyme (Acipenser ruthenus, Acipenser stellatus), procartilage (Acipenser sturio, Amia calva), or cartilage (Polypterus senegalus, Lepidosteus sp., teleosts). (3) The adult endoskeletal elements arise in the disc and become individualized as the intervening tissue looses its skeletogenic character (Fig.  12) . This process involves decomposition of cartilage matrix in cartilaginous discs.
An outgroup comparison with descriptions published on pectoral fin morphogenesis of sharks (Scyllium stellare, S. canicula : Balfour, 1881; Spinax niger: Braus, 1906; Squalus acanthias: Sewertzoff, 1926; Spinax sp.: Holmgren, 1933) shows similarities as well as differences to the above described mode of endoskeletal development in actinopterygians. The endoskeletogenic mesenchyme forms a well defined disc in Scyllium spp. but a more loose layer in the fin primordia of Spinax sp. and Squalus acanthias. In all species described, mesenchymal density increases in those regions where endoskeletal elements form. In all cases, the condensation of the proximal part of the fin endoskeleton proper is, at its first appearance, continuous with the girdle.
Thus, while a continuity of the endoskeletal girdle and the fin endoskeleton proper is common to sharks and actinopterygians, the formation of an endoskeletogenic disc appears to be limited to only some species in sharks. Further, the mode of endoskeletogenesis by formation of condensations in the mesenchyme is more reminiscent of tetrapods than of actinopterygians. Another difference of endoskeletal morphogenesis in actinopterygians and sharks lies in the relative timing at which the adult endoskeletal pattern appears in the pectoral fins. In all four studies on sharks, the adult pattern appears during embryonic development (i.e. pre-hatching), while subdivision of the discs of Polypterus senegalus, Acipenser spp. and all teleosts occurs during larval stages (i.e. post-hatching). There are unfortunately no comments on Amia and Lepidosteus regarding this subject. Reports on Polypterus senegalus (Bartsch et al., 1997) and our own observations on Danio rerio during the course of this study show that the larval appendages are used for locomotion by the hatched larvae. Thus, by pronouncing the disc-phase during development, actinopterygians have evolved the possibility to produce a premature, functional larval pectoral fin.
From the above comparison we conclude that endoskeletal development of the zebrafish pectoral fins follows a morphogenetic process which is widespread among actinopterygians and appears conserved to some extend in sharks. It differs from endoskeletal development of tetrapod limbs in the way in which the initial pattern is reorganized into the definite pattern of the adult.
Conservation and diversity of endoskeletal morphogenesis during evolution
The endoskeletal patterns in the paired appendages of different groups of vertebrates have diversified during evolution. However, some structural aspects are shared. Recent comparative approaches to the phenomenon of ordered Fig. 12 . Developing pectoral fin endoskeletons of actinopterygian fishes. Endoskeletogenic discs and their derivatives are shown in grey. The anterior fin margin is to the top, distal is to the left. Polypterus senegalus (30 mm larva), reconstruction from serial sections, redrawn from Budgett (1902) . Propterygium and metapterygium are depicted as disc-derivatives because in a 18.8 mm alcian blue stained larval P. senegalus, they are continuous with the disc (pers. obs.); Acipenser stellatus (13 mm larva), reconstruction from serial sections, redrawn from Kryzanovsky (1927) ; Amia calva (11 mm larva), reconstruction from serial sections, redrawn from Heronimus (1911) ; Danio rerio (8.5 mm larva), alcian blue preparation, redrawn from Fig. 8B . ff, fin fold; m, metapterygium; p, propterygium; pg, pectoral girdle. Phylogenetic relationships are adopted from Janvier (1996) . diversity have viewed appendicular structure as a consequence of primitively shared developmental processes that were altered during evolution (Shubin and Alberch, 1986; Coates and Clack, 1990; Müller, 1991; Tabin, 1992; Sordino et al., 1995) .
Among vertebrates, the most widely shared aspect of appendicular organisation is the subdivision of the endoskeleton into a girdle and an endoskeleton of the free extremity. This conservation of structure has lead comparative anatomists to view the girdle as part of the extremity. The two major theories on the phylogenetic origin of paired appendages regard the girdle either as the initial element from which the endoskeleton of the extremity grew distalward, or as a proximalward extension of an endoskeleton which had developed distally (see Jarvik, 1980 for review). Developmental biologists usually do not view the girdle as part of the limb endoskeleton, because it is not affected in AER-ablation experiments in the chicken (e.g. Summerbell, 1974) . On the other hand, a girdle can be formed in regenerating limbs of the axolotl (Ambystoma mexicanum) if the positional value at the site of amputation is reset towards proximal values by retinoic acid (Maden, 1982) . Furthermore, evidence from limb induction experiments in the chicken shows, that development of a girdle and a limb are downstream of the limb induction event (Vogel et al., 1996) . Our description of Danio rerio pectoral fin development and the above comparison with other fishes also point to a close coordination of girdle and fin-endoskeleton development. It will thus be interesting to see whether the girdle belongs to the same developmental unit as the extremity endoskeleton proper.
The basic organisation of tetrapod limbs into a stylopod, a zeugopod and an autopod has been explained as a consequence of the conservation of the endoskeletal patterning mechanisms which generate the chondrogenic condensations (Shubin and Alberch, 1986) . These mechanisms have been proposed to consist of a limited set of generative rules which rely on active or passive cell movements during the formation of the skeletal elements in the mesenchyme of the limb bud (Oster et al., 1983 (Oster et al., , 1985 . Though there is evidence that cells change their orientation as endoskeletal patterns form in tetrapods, we would like to point out that the subdivision of the endoskeletal disc in Danio rerio does not involve cell movements. The cells within the disc are trapped by the surrounding cartilaginous matrix as the process of matrix decomposition begins. Therefore, endoskeletal morphogenesis of Danio rerio does not support the models of Oster et al. (1983 Oster et al. ( , 1985 because during the appearance of the endoskeletal pattern, no movement of cells occurs.
Concerning the diversity of endoskeletal patterns in the autopods of tetrapods, comparative studies have emphasized the developmental sequence in which chondrogenic condensations arise in the limb bud mesenchyme (Coates and Clack, 1990; Müller, 1991) . In all non-urodele species examined, more posteriorly located elements become histologically visible prior to more anteriorly located elements (Shubin and Alberch, 1986) . Müller (1991) has described the condensation sequences in the developing limb buds of phylogenetically more derived tetrapod species as a terminally truncated series when compared to their phylogenetically more basal relatives. He proposed that those elements which arise latest in the more basal relatives were lost in more derived species (paedomorphosis). Likewise, paedomorphosis has been proposed to have caused reductions in digit number during tetrapod evolution (Coates and Clack, 1990) . It is at present unclear how paedomorphosis could account for the pattern differences in the pectoral fin endoskeletons in actinopterygians, though the teleost family of Sundasalangidae (genus Sundasalanx; Roberts, 1981) might provide an example how an abbreviation of the developmental sequence affects the endoskeletal pattern. The pectoral fin endoskeletons of this genus conform exactly to what we call 'larval pattern' of teleosts: there is only one 'fan-shaped' radial (the disc), no distal radials and no lepidotrichs in the fin fold. However, the main source of pattern differences among the pectoral fins of actinopterygians is the way in which the sceletogenic discs are subdivided.
Conclusions
The paired fins of the zebrafish arise from mesenchymal proliferations termed fin buds. The apical epidermis forms the apical fold which we have shown to be structurally homologous to the apical folds of other teleosts and the apical ectodermal ridges of tetrapods through comparative analysis. Studies regarding the functional homology by ablating the apical folds are presently under way (Grandel and Schulte-Merker, unpublished data).
Endoskeletal morphogenesis differs in the zebrafish pectoral and pelvic fins. The endoskeletal condensations of the pelvic fins arise in a proximodistal sequence directly forming the adult skeletal pattern. The pectoral fin endoskeleton arises by taking a developmental detour via a larval form. The larval pattern is subsequently reorganized to give rise to the adult pattern. This morphogenesis is not observed in sarcopterygians but has been reported in teleosts and with minor changes in basal actinopterygian species. We conclude that zebrafish paired fin development is representative of actinopterygians.
Experimental procedures
Fish strains and maintenance
All observations were carried out on Danio rerio (Cyprinidae, Teleostei). The Tübingen wild type strain was used for all skeletal preparations and all histological sections. The strains Tübingen wild type, golden b1 (Streisinger et al., 1981) , and the melanin-deficient mutant sandy tk20 were used for in vivo observations. Zebrafish were maintained, mated and raised as previously described (Mullins et al., 1994) . Embryos were kept in E3-Medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgS0 4 ) for 6 days. At the age of 6 days postfertilisation (dpf), larvae were transferred to 2l aquaria containing the system water of the facility buffered with 3g/l Red Sea Salt (Red Sea Fish pHarm, Ltd.). At 13 dpf, aquaria were connected to the facility's water supply. From the age of 6 dpf to 13 dpf, larvae were fed dry food twice a day (AZ 0-160 mm; Tetra). Beginning at the age of 14 dpf, larvae were fed freshly hatched Artemia salina (Sanders) three times a day during the week and twice a day on weekends. For a first series of observations 60 fish were raised per aquarium. The histological sections of the pelvic fins and most of the skeletal preparations presented here derive from this series. In a second series of observations, 45 fish were raised per aquarium and used for skeletal preparations in order to quantify the developmental progress with time. All embryos and larvae were raised in the fish rooms of the facility at 25-26°C. For in vivo observations during the first five days, embryos were incubated at 28.5°C, the standard temperature for raising zebrafish (Kimmel et al., 1995) .
Staging criteria
Embryos processed for histology were staged between 20 and 72 h postfertilisation according to Kimmel et al. (1995) and developmental time during this period is given for each stage as hours postfertilisation (hpf) at the standard temperature of 28.5°C (Kimmel et al., 1995) . For in vivo observations until 5 dpf, embryos were kept at 28.5°C. All later stages of larval fish are given by the larval body length measured in mm according to Cubbage and Mabee (1996) . Because of variations in the developmental stage of fish of equal age, larval body length proved to be an age-independent criterium for staging fish. In order to give an estimate of developmental time versus larval length at 25-26°C, Fig. 13 shows the regression line calculated from 196 larvae. Fixed larvae were measured either with an ocular micrometer (for larvae shorter than 11 mm) or with a piece of graph paper (for larvae longer than 11 mm) using a Zeiss stereomicroscope.
Histological preparations
Embryos and larvae were fixed in 4% paraformaldehyde in phosphate buffered saline overnight and up to several days at 4°C and dehydrated in an ascending ethanol series (20%, 40%, 60%, 80%, 90%, 100%). For infiltration and embedding, the Historesin embedding kit (Leica) was used and the embedding procedure followed the manufacturer's instructions. Gelatine capsules (Capsulae opercultae; Pohl) were used as embedding forms. Polymerisation was allowed overnight at 4°C. Serial sections of the pectoraland pelvic fin regions were cut on a remote controlled rotation microtome (Reichert-Jung) at 2mm thickness and collected on drops of water positioned on glass slides. Sections were stained on the glass slides for 4 min in a solution of 80 ml NaB 4 O 7 (1% in H 2 O), 60 ml Ethanol, 40 ml Methylene blue (0.13% w/v in H 2 O), 30 ml Fuchsin (0.13% w/v in H 2 O) and embedded with Malinol (Chroma).
Skeletal stainings
Larvae were fixed and dehydrated as for histology and stained 5 h to overnight with Alcian blue (1 mg in 10 ml EtOH:HAc, 8:2). After removal of the pigment with H 2 O 2 (0.6%) in KOH (1%), the muscles were rendered transparent by digestion with trypsin (50 mg dissolved in 3 ml saturated NaB 4 O 7 and 7 ml H 2 O). Fish were stained overnight with Alizarin red (0.4 ml of a saturated ethanol solution in 10 ml 0.5% KOH) and observed and stored after transferring to 87% glycerol via an ascending series of 0.5% KOH and 87% glycerol (10:1, 4:1, 5:2, 5:3, 5:4).
Data collection
The results regarding histological features are based on serially sectioned fin anlagen as described in the text. All other results are based on histological sections as well as on Alcian blue/Alizarin red stained larvae and on in vivo observations. Histologically identified structures or features are reported as 'present' at the stage where they were observed for the first time. Age and length of larvae refer to the timespan between first appearance and stable presence of a structure or feature. Fig. 1B ,C are slightly schematized camera-lucida drawings which were made from an Alcian blue/Alizarin redstained adult fish at 32× magnification with a Zeiss dissecting microscope. All other pictures have been taken as slides (Kodak 64T) with differential interference contrast optics of an Axiophot microscope (Zeiss) using 10×, 20×, 40× (water immersion) and 100x (oil-immersion) lenses and subsequently digitized with a slide scanner (Nikon). Some pictures were directly digitized with a videocamera adapted to the microscope.
